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UAVAbstract During the unmanned aerial vehicles (UAV) reconnaissance missions in the middle-low
troposphere, the reconnaissance images are blurred and degraded due to the scattering process of
aerosol under fog, haze and other weather conditions, which reduce the image contrast and color
fidelity. Considering the characteristics of UAV itself, this paper proposes a new algorithm for
dehazing UAV reconnaissance images based on layered scattering model. The algorithm starts with
the atmosphere scattering model, using the imaging distance, squint angle and other metadata
acquired by the UAV. Based on the original model, a layered scattering model for dehazing is
proposed. Considering the relationship between wave-length and extinction coefficient, the airlight
intensity and extinction coefficient are calculated in the model. Finally, the restored images are
obtained. In addition, a classification method based on Bayesian classification is used for classifica-
tion of haze concentration of the image, avoiding the trouble of manual working. Then we evaluate
the haze removal results according to both the subjective and objective criteria. The experimental
results show that compared with the origin image, the comprehensive index of the image restored
by our method increases by 282.84%, which proves that our method can obtain excellent dehazing
effect.
 2016 Chinese Society of Aeronautics and Astronautics. Published by Elsevier Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In recent years, the use of unmanned aerial vehicle (UAV) for
target recognition, surveying and mapping, geological disaster
prevention and control, has become a research hotspot in the
field of UAV. UAV reconnaissance missions rely mainly on
UAV reconnaissance images with high quality. However, the
deterioration of air quality leads to a higher incidence of
long-term haze weather phenomenon. When the medium-
altitude UAVs perform reconnaissance missions, the weather
phenomenon as the haze and mist exist scattering of aerosols
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bating the visibility. The quality and clarity of the reconnais-
sance images are blurred and degraded seriously influenced
by haze, which reduces the image contrast and color fidelity,
brings severe distortion and information loss of the image
characteristics. On this account target observation and recog-
nition is not obvious. Therefore, in the field of UAV aerial
images, removing haze from reconnaissance images must have
high research and practical value.
At present, image haze removal methods can be divided
into two categories: hazy image enhancement based on image
processing and hazy image restoration based on physical
model. Regardless of image degrading cause, image enhance-
ment methods can increase the image contrast, strengthen
the details of image edges, but cause a certain loss of the salient
information. Based on hazy image degradation process, in the
image restoration methods, the degradation physical model is
established, and the degradation process is inverted for achiev-
ing high-quality haze-free images. Based on the physical
model, the haze removal effect is more natural and with less
information loss.
Hazy image enhancement methods based on image process-
ing include histogram equalization enhancement,1–3 homo-
morphic filtering,4 wavelet transform,5 Retinex algorithm6
and so on. There are two typical and effective methods: con-
trast limited adaptive histogram equalization and Retinex. In
Ref.2, an algorithm called contrast limited adaptive histogram
equalization (CLAHE) is proposed. By limiting the height of
the image local histogram and intercepting the height greater
than the set threshold histogram, the intercepted part is evenly
distributed to the whole image grayscale range, to ensure that
the size of overall histogram area remains the same, which can
effectively suppress noise and reduce distortion. In Ref.7,
based on CLAHE, the edges information is enhanced by calcu-
lating the saliency map of the white balance image. Retinex is a
model to describe color constancy which has the quality of
color invariant and dynamic range compression, applied to
image texture enhancement, color protecting and other
aspects. By Retinex algorithm, achieved haze-free images can
have relatively higher local contrast and less color distortion.
In Ref.6, based on the theory of Retinex, it is assumed that
in the whole image, the atmospheric light change is smooth
in order to estimate the transmission and the atmospheric light
is estimated by Gaussian filtering. The method achieves good
results.
Hazy image restoration methods based on physical model
include methods based on partial differential equations,8,9
depth relationship,10–13 prior information14–16 and so on.
The method based on partial differential equations can effec-
tively correct the border area and greatly improve the visual
effect. In Ref.8, by atmospheric scattering model, an image
energy optimization model is established and the partial differ-
ential equation of image depth and gradient is derived. The
method improves the uncertainty of image restoration, but
requires gradually changing the atmospheric scattering coeffi-
cient and image depth information, which depends on interac-
tive operation. The method based on depth relationship uses
clear and hazy images to calculate depth relationship of each
point, combined with atmosphere scattering model, to achieve
image restoration. In Ref.17, an image haze removal method
via depth-base contrast stretching transform (DCST) is
proposed. The method is simple and has good real-timeperformance. However, the method based on depth relation-
ship has certain limitations and it is difficult to satisfy the
real-time processing requirements. The method based on prior
information can obtain higher contrast and motivation effect.
On the basis of prior information, image quality can be
improved by average filtering, median filtering and other ways.
However, the method based on prior information has some
problems such as color over-saturation and complex computa-
tion. The most commonly used physical model is the atmo-
sphere scattering model proposed by McCartney, which has
been detailed later.
In addition, due to the characteristics of UAVs, the dis-
tance between the imaging device and the imaging target is
very long. The aerosol concentration of atmosphere environ-
ment around the imaging device is very different from that
of atmosphere environment around the imaging target, leading
to different extinction coefficients between them. The above
methods are mostly only for general outdoor hazy images
and lack applicability for dehazing UAV reconnaissance
images.
Considering the characteristics of UAVs, in this paper we
propose a novel method for UAV reconnaissance image haze
removal based on a layered scattering model. We improve
the original model using the imaging distance, angles and other
metadata of UAV. Then considering the relationship of extinc-
tion coefficient and wavelength, we calculate the atmospheric
light and extinction coefficient of the layered model in order
to achieve the restored image. In addition, a classification
method based on Naı¨ve Bayes Classifier is proposed for classi-
fication of haze concentration of the image, avoiding the trou-
ble of manual working.
The later sections can be summarized as follows: Section 2
introduces background and principle of atmosphere scattering
model; Section 3 describes our improved physical model; Sec-
tion 4 describes the proposed method in detail; Section 5 pre-
sents the experimental results and analysis; Section 6
summarizes the paper.2. Background
Based on the physical model, the haze removal effect is more
natural with less information loss. One of the most typical
models should be the atmospheric scattering model.18 In
1975, according to Mie scattering theory, McCartney proposed
that imaging principle could be described by the following two
aspects: direct attenuation and atmospheric light imaging (see
Fig. 1).
According to the atmospheric scattering model of the hazy
weather, hazy image obtained by the imaging equipment can
be represented as11–15
I ¼ Jerd þ A 1 erd  ð1Þ
where I is the observed image intensity, J the scene radiance, A
the global atmospheric light, d imaging distance, and r the
extinction coefficient.
In Eq. (1), the first term represents the direct attenuation
model. Due to the effect of atmospheric particles’ scattering
and absorption, part of reflected light from the surface of
object suffers damage from scattering or absorption, and the
rest is transmitted directly to imaging equipment. The intensity
exponentially decreases with the increase of spreading
Fig. 1 Atmosphere scattering model.
Fig. 2 Meteorological range for various turbidity values.
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imaging model called airlight. Due to the effect of atmospheric
particles scattering, atmosphere shows properties of light
source. With the increase of spreading distance, the atmo-
spheric light intensity increases gradually.
Based on the physical model, the essence of haze removal
methods is to estimate the parameters in the atmospheric scat-
tering model. The model contains three unknown parameters,
which is an ill-posed problem. In haze removal methods pro-
posed in recent years, the image itself is used to construct scene
constraints transmission or establish the depth assumed condi-
tion. Early on, Tan14 maximized the local contrast of the
restored image according to the haze concentration changes
in the image in order to obtain haze-free image. However,
the recovered image by this method often presents color
over-saturation. Moreover, under the assumption that the
transmission and the surface shading are locally uncorrelated,
Fattal15 estimated the medium transmission and the albedo of
the scene. However, this method needs adequate color infor-
mation and is based on mathematical statistics. It is difficult
to obtain credible restored images when processing the images
under the condition of thick haze. In allusion to above prob-
lems, He et al.16 proposed the haze removal method based
on dark channel prior. They found a dark channel prior theory
by collecting a large number of images, which can be used to
detect the most haze-opaque regions. According to this theory,
the transmission can be obtained to restore the image. But
when the intensity of the scene target is similar to atmospheric
light, the dark channel prior will lose efficacy.
In addition, Narasimhan et al.19,20 pointed out that the
above atmospheric model is established under the assumption
of single scattering, homogeneous atmospheric medium and
the extinction coefficient independent of the wavelength.
Therefore, the model does not apply to the case of remote
imaging. In other words, the atmosphere scattering model is
not appropriate for the haze removal of UAV reconnaissance
images. Moreover the distance between the imaging device and
the imaging target is very long. The environment of UAV plat-
form is much different from the atmosphere around the object.
There is only one constant extinction coefficient r in the
model, as shown in Eq. (1), which is not enough to describe
the imaging model of UAV.
Therefore, this paper proposes a novel improved physical
model for UAV reconnaissance images, which will be detailed
in the next section.
3. Layered scattering model
In Ref.21, based on McCartney scattering model, the
atmosphere turbidity is calculated corresponding to differentatmosphere heights. As can be seen from Fig. 2, haze com-
monly spreads around the altitude of 2 km. But the flight
height of UAV is commonly much larger than the altitude.
So the atmosphere turbidity around the UAV is different from
the atmosphere turbidity around the object and the atmo-
sphere medium between the two is inhomogeneous. Only one
extinction coefficient cannot support the model. Therefore,
for characteristics of UAV imaging, we propose a layered
scattering model with two layers, and assume that inside each
layer the atmosphere is homogeneous and each layer has an
independent extinction coefficient. That is to say, the global
atmosphere is inhomogeneous and the extinction coefficients
of two layers are different.
As mentioned in Section 2, the original atmospheric scatter-
ing model is represented as Eq. (1).
The imaging model for images acquired by an UAV plat-
form is shown in Fig. 3. The platform is quite a long distance
from the imaging object. There is a haze boundary in the mid-
dle. We can consider that above and below the boundary, the
extinction coefficients are different. d is the imaging distance.
d 0 is the distance of the object and the haze boundary. h is
the angle between the incident light and the horizontal plane.
The height of the boundary can be calculated by d 0 and h. r1
is the extinction coefficient below the haze boundary, while
r2 the extinction coefficient above the haze boundary. The
extinction coefficients are considered relative to wavelength.
Imaging process can be described by incident light attenua-
tion model and atmospheric light imaging model. The total
irradiance that the sensor receives is composed of two parts, as
Eðd; kÞ ¼ Erðd; kÞ þ Eaðd; kÞ ð2Þ
where Erðd; kÞ is the irradiance of the object’s incident light
during the attenuation process, Eaðd; kÞ the irradiance of the
other incident light during the imaging process, k the
wavelength of visible light and d the imaging distance.
Fig. 3 Image formation model for images acquired by an UAV
platform.
Fig. 5 Airlight model.
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object, as shown in Fig. 4. In the location when x ¼ 0 there
is the object surface, and in the location when x ¼ d there is
the imaging equipment, and among 0 d there is the atmo-
sphere medium.
The beam is considered to pass through an infinitesimally
small sheet of thickness dx. The fractional change of the irra-
diance of the incident light Er at location x can be presented as
dErðx; kÞ ¼ rðx; kÞErðx; kÞdx ð3Þ
After integrating both sides of Eq. (3) between 0 d 0 and
d 0  d, we can get
Erðd; kÞ ¼ Er;0ðkÞe
R d 0
0
r1ðx;kÞdxe
R d
d 0 r2ðx;kÞdx
¼ Er;0ðkÞer1ðkÞd 0er2ðkÞðdd 0Þ ð4Þ
where Er;0ðkÞ is the irradiance at the source x ¼ 0.
Atmospheric light is formed by the scattering of atmo-
sphere particles, which performs light source characteristics.
In atmosphere medium, the transmitted light includes the
sunlight, diffuse ground radiation and diffuse sky radiation.
One of the most important reasons of the image degradation
is the effect of atmospheric light. The intensity of atmospheric
light gradually increases with the increase of imaging distance,
leading to more severe degradation of imaging quality.
As shown in Fig. 5, along the imaging direction, the
environmental illumination is considered to be constant but
unknown in intensity, spectrum and direction. Truncated by
the object at the distance d and subtended by the UAV
platform, the cone of solid angle dx can be viewed as a light
source. At distance d, the infinitesimal volume dV can be
presented as dV ¼ dxx2dx. In the imaging direction, its
intensity isFig. 4 Incident light attenuation model.dIaðx; kÞ ¼ dVkrðx; kÞ ¼ kx2rðx; kÞdxdx ð5Þ
where the proportionality constant k is used to express the
nature of intensity and the form of scattering function. The ele-
ment dV can be considered as a source with intensity dIaðx; kÞ.
After attenuation due to the medium, the irradiance that the
imaging equipment receives is
dEaðx; kÞ ¼ dIaðx; kÞe
rðx;kÞx
x2
ð6Þ
Then the radiance of dV from its irradiance can be
expressed as
dLaðx; kÞ ¼ dEaðx; kÞ
dx
¼ dIaðx; kÞe
rðx;kÞx
x2dx
ð7Þ
By substituting Eq. (5), the following relationship can be
get:
dLaðx; kÞ ¼ krðkÞerðx;kÞxdx ð8Þ
After integrating both sides of Eq. (8) between 0 d 0 and
d 0  d, we can get
Laðd; kÞ ¼
Z d 0
0
kr1ðkÞer1ðkÞxdxþ
Z d
d 0
kr2ðkÞer2ðkÞxdx
¼ k 1 er1ðkÞd 0
 
þ k er2ðkÞd 0  er2ðkÞd
 
ð9Þ
When the object is at the infinite distance, the radiance of
atmosphere light will be maximum and can be get by setting
d ¼ 1.
Lað1; kÞ ¼ k ¼ L1ðkÞ ð10Þ
Therefore, Eq. (9) can be rewritten as
Laðd; kÞ ¼ L1ðkÞ 1 er1ðkÞd 0 þ er2ðkÞd 0  er2ðkÞd
 
ð11Þ
Then the received irradiance of atmospheric light can be
expressed as
Eaðd; kÞ ¼ E1ðkÞ 1 er1ðkÞd 0 þ er2ðkÞd 0  er2ðkÞd
 
ð12Þ
Finally, combine the incident light attenuation and atmo-
spheric light imaging. The two processes comprise the total
irradiance received by the sensor:
506 Y. Huang et al.Eðd; kÞ ¼ Erðd; kÞ þ Eaðd; kÞ
¼ Er;0ðkÞer1ðkÞd 0er2ðkÞðdd 0Þ
þ E1ðkÞ 1 er1ðkÞd 0 þ er2ðkÞd 0  er2ðkÞd
 
ð13Þ
Eq. (13) is our novel atmospheric degradation model. We
can reformulate Eq. (13) in terms of the image:
I ¼ J  er1ðkÞd 0er2ðkÞðdd 0Þ
þ A 1 er1ðkÞd 0 þ er2ðkÞd 0  er2ðkÞd
 
ð14Þ4. Proposed algorithm
4.1. Algorithm flow
For features of UAV such as long imaging distance, this paper
proposes a novel physical-based haze removal method using
metadata of UAV like imaging distance and angle. The algo-
rithm flowchart is shown in Fig. 6. The method is divided into
the following four parts: (1) The haze concentration presented
on the image is graded up before dehazing. (2) The extinction
coefficients of the model are calculated by the relationship of
extinction coefficients, wavelength and visibility. (3) The atmo-
spheric light is estimated based on the pixel intensity. (4) The
haze-free image is restored based on the layered scattering
model.
4.2. Algorithm principle
4.2.1. Classification of haze concentration of image
The automatic haze detection of images is the prerequisite of
intelligent haze removal. A large number of reconnaissanceFig. 7 Flowchart
Fig. 6 Flowcharimages received from the UAV platform include images with
and without haze, and the haze concentration is different that
brings trouble to artificial classification. In addition, we use the
classification of haze concentration in order to prove the valid-
ity of the algorithm that our algorithm can be used to remove
haze from various images of different haze concentration.
Therefore, it is a critical issue to judge the grade of the haze
concentration.
The haze concentration presented on the image is graded up
before dehazing by Naive Bayes Classifier. The concentration
is graded on a scale of 1–5 in ascending order, while Level 1
signifies no haze and Level 5 signifies the heaviest haze. Several
images are used as the training set by artificial classification in
order to generate a reasonable classifier. Then the features of
images such as intensity, contrast, edge contours, texture,
hue and so on, are extracted as the feature vector to be entered
into Naive Bayes Classifier in order to examine the category of
the haze concentration.
Naı¨ve Bayes Classifier22,23 has good stability of classifica-
tion effectiveness and solid mathematical foundation with a
small few parameters, which is simple and feasible. Based on
Bayes theorem under the assumption of independent charac-
teristic condition, the algorithm first calculates the joint prob-
ability distribution of input and output for given training set.
Then based on the model, the output of maximum posterior
probability is calculated by Bayes theorem for given input.
The flowchart of Naı¨ve Bayes classification is shown in Fig. 7.
The input feature vector of the classification method pro-
posed in this paper contains saturation heft and intensity heft
in hue–saturation–intensity (HSI) color space. HSI model
builds on two crucial facts: (1) the heft is independent of color
information; (2) hue heft and saturation heft are closely inter-
related to the color feeling of human. These characteristics
make it suitable for detection and analysis of colorof Naı¨ve Bayes.
t of algorithm.
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heft in the HSI color space for features selection of UAV
reconnaissance images.
In this paper, the concrete realization of classification
method is divided into the following steps:
(1) Preparation stage. The characteristic attributes are
defined and separated appropriately. Several unclassified
terms are graded artificially to form a training set. The
feature vector consists of the following features: Satura-
tion heft and intensity heft in the HSI model, blur
degree, contrast and intensity of the hazy image, con-
trast of the dark channel image. We first choose 50
UAV reconnaissance images as the training set and rank
them on the scale of 1–5 through manual means.
(2) Classifier training stage. The classifier is generated to
calculate the frequency of each category’s occurrence
among the trained sample and estimate the conditional
probability of each category.
(3) Applied stage. The unclassified terms are input into the
classifier to be graded. The hazy concentration of the
image can be classified as Level 1, Level 2, Level 3, Level
4 or Level 5.
The above classification method judges the hazy concentra-
tion that avoids the trouble of manual working, saves time and
increases the processing efficiency.
4.2.2. Parameter estimation
As mentioned in Ref.24, the relationship of extinction coeffi-
cient, visibility and wavelength can be described as Eq. (15)
and the specific relationship is shown in Table 1.
rk ¼ 3:192
V
k
550
 a
ð15Þ
where V is the visibility, a is extinction coefficient.
The common visibility observation methods include visual
methods and measuring methods, but there are some problems
with two methods. Visual methods have strong subjectivity
and bad scientificity. Measuring methods has small sampling
areas and high-cost equipment. In addition, some scholars
have put forth to use the visual feature of images to measure
the visibility, which is more relevant to genuine sensory of
man and has obtained some achievements.
Therefore, the extinction coefficient can be calculated
through visibility, d 0 can be calculated through the height of
the haze boundary and some metadata of UAV, and the esti-
mation of airlight is described later. Then the unknown param-
eters of the layered scattering model become visibility and the
height of the haze boundary. Our estimation method is to
choose several hazy reconnaissance images, and assume theTable 1 Relationship of extinction coefficient and visibility.
V (km) a
V> 50 km 1.6
6 < V< 50 1.3
1 < V< 6 0.16 V+ 0.34
0.5 < V< 1 V  0.5
V< 0.5 0two parameters in a reasonable range with an enumerable
method. Then we input the parameters into the layered model
to obtain the restored images. We choose the optimal image by
manual and get the two corresponding parameters of the opti-
mal images. At the same time, the origin image is converted
from RGB model to HSI model. Through experiments, we find
that there is certain linear relation between the height of the
haze boundary and intensity heft, and between the visibility
and saturation heft. In general, intensity decreases with the
increase of the height of the haze boundary and Saturation
increases with the increase of the visibility. The fitting equa-
tions are proposed by fitting analysis and constantly corrected
with the increase of experiment numbers. The equations are
plugged into the layered scattering model to get the final
restore image.
The equations are obtained according to linear fitting and
are presented as
h ¼ 0:0116Iintensity þ 4:5193 ð16Þ
V ¼ 0:5504Ssaturation þ 5:2071 ð17Þ
where h is the height of the haze boundary, Iintensity and
Ssaturation are respectively intensity heft and saturation heft in
the HSI model. h is the angle between the incident light and
the horizontal plane, which can be obtained from the metadata
of UAVs. The distance d 0 can be calculated by h and the height
of the haze boundary h. The extinction coefficients can be cal-
culated by V and Table 1. This method is simple and conve-
nient and has high accuracy.
4.2.3. Estimation of atmospheric light
In Ref.16, the concept of dark channel is defined. The dark
channel of an arbitrary image J is presented as
JdarkðxÞ ¼ min
y2XðxÞ
min
c2fred; green; blueg
JcðyÞ
 
ð18Þ
where XðxÞ is a local patch centered at x and Jc is a color chan-
nel of J.
Similar to the method of Ref.16, we pick the top 0.1%
brightest pixels in the dark channel. Among these pixels, the
pixels with highest intensity in the origin image I are selected
as the atmospheric light A.
4.2.4. Restoration of the image
According to Eq. (14), the restored image can be obtained as
follows:
J ¼ I A 1 e
r1ðkÞd 0 þ er2ðkÞd 0  er2ðkÞd 
er1ðkÞd 0er2ðkÞðdd 0 Þ
ð19Þ
where the imaging distance d can be known from the metadata
of UAV.
5. Presentation of results
To test the validity of the haze removal algorithm, it is need to
evaluate the recovery image. The existing image evaluation
methods mainly include subjective evaluation and objective
evaluation. Subjective evaluation methods are greatly influ-
enced by personal factors to make the evaluation results unre-
liable. According to the demand for reference information,
objective methods can be divided into full-reference,
Table 2 Standard deviation and information entropy before
and after dehazing.
No. r (source) r (dehaze) Entropy
(source)
Entropy
(dehaze)
1 17.1607 46.0697 4.11437 4.68170
2 19.8850 54.9546 3.70906 3.92160
3 7.59979 30.7602 3.35064 4.40800
4 5.48839 24.0215 3.02457 4.10420
5 16.9968 42.6808 4.50522 5.08348
6 10.3411 42.9249 3.45160 3.87740
7 18.1498 48.1684 4.58800 5.14850
508 Y. Huang et al.reduced-reference and no-reference. Among them, full-
reference and reduced-reference need reference images, which
is difficult for UAV. Therefore, we choose no-reference
method. In Ref.25, the authors tried to construct a no-
reference assessment system to evaluate the haze removal effect
on visual perception. This paper refers to the assessment sys-
tem and evaluates the haze removal effect by edge detection,
color nature index (CNI) and color colorfulness index (CCI)
to demonstrate the efficiency of the algorithm.
In addition, we compare our method with other typical
haze removal methods and give the results of restoration.
Our experimental subject is an image set of UAV reconnais-
sance images, with the size of 1392  1040 pixels. Our experi-
mental platform is Microsoft Visual Studio 2010. In Fig. 8,
there are experimental results of 7 images from the image
set. Fig. 8(a) shows the origin images and Fig. 8(b)–(h) show
the haze removal results by CLAHE,2 adaptive contrast
enhancement26 multi-scale Retinex, average filtering,27
Gaussian filtering, dark channel prior algorithm,16 and our
proposed method. The haze concentration of the 7 images is
respectively classified as the classification method mentioned
above: the 5th and the 7th images belong to Level 2; the 1st
and 2nd images belong to Level 3; the 6th image belongs to
Level 4; the 3rd and 4th images belong to Level 5. As shown
in Fig. 8, the haze removal images by other methods have quite
a certain degree of distortion with heavier color and super-
saturation and are easy to emerge halo effects. Moreover,
the other methods just based on the origin atmosphere scatter-
ing model or image processing, cannot apply to haze removal
of UAV reconnaissance images. Our method is more scientific
and obtains better effect and better recreates the real scene of
UAV reconnaissance images.
In this paper, we first use standard deviation and informa-
tion entropy for quantitative evaluation of the haze removalFig. 8 Dehazing resultseffect. The standard deviation reflects the degree of distribu-
tion of pixels while the information entropy reflects the aver-
age information of the image. The evaluation results are
shown in Table 2. The two targets before and after dehazing
change greatly, which shows the haze removal effect.
Compared with the traditional edge detection operator,
Canny operator has better detection effect. Canny operator
is adopted for edge detection for images in Fig. 8. The detec-
tion results are shown in Fig. 9. As shown, we can find that
based on our algorithm, more efficient edges can be detected
in the haze removal images than other methods except the
multi-scale Retinex method. This is because the multi-scale
Retinex method has the shortcoming of noise over-
enhancement which increases noise pixels. The result of edge
detection proves that our method can improve the clarity
and resolution of the image.
CNI reflects whether the color of the image is real and nat-
ural. CNI is the measure of the judgment standard28–30 which
ranges from 0 to 1 and if the value is closer to 1, it indicates
that images are more natural. CNI is effective for theof different methods.
Haze removal for UAV reconnaissance images using layered scattering model 509characteristics of UAV reconnaissance images. The calculation
of CNI value Nimage is shown as follows:
(1) The image is converted from RGB color space to
CIELUV space.
(2) Calculate the three components: hue heft, saturation
heft and luminance heft.
(3) Threshold saturation heft and luminance heft: the value
bigger than 0.1 of saturation heft is retained while the
value between 20 and 80 of Luminance heft is retained.
(4) According to the value of hue heft, classify the image
pixels into three categories: the value of hue heft of
‘‘skin” pixels is 25–70, that of ‘‘grass” pixels is 95–135,
and that of ‘‘sky” pixels is 180–260.
(5) For ‘‘skin”, ‘‘grass” and ‘‘sky” pixels, calculate their
average value of saturation heft and record them as
Saverage skin, Saverage grass, Saverage sky. At the same time, the
data of three types of pixels are carried into statistics
and recorded as nskin, ngrass, nsky.
(6) Calculate CNI values of three types of pixels
respectively:Table 3 CNI and CCI before and after dehazing.
No. CNI (source) CNI (dehaze) CCI (source) CCI (dehaze)Nskin ¼ exp f0:5½ðSaverage skin  0:76Þ=0:522g ð20Þ
Ngrass ¼ exp f0:5½ðSaverage grass  0:81Þ=0:532g ð21Þ
Nsky ¼ exp f0:5½ðSaverage sky  0:43Þ=0:222g ð22Þ
1 0.458457 0.8469 65.95260 319.6186
2 0.543940 0.9789 100.5970 400.6978
3 0.463714 0.8853 45.79820 381.9079
4 0.450407 0.9082 38.75110 357.4345(7) Calculate the finally CNI value:
Nimage ¼ nskinNskin þ ngrassNgrass þ nskyNsky
 
=
nskin þ ngrass þ nsky
  ð23Þ5 0.435621 0.8270 23.29667 140.07356 0.422700 0.9963 12.79470 77.27920
7 0.468200 0.6985 26.32290 99.72830CCI reflects the degree of color brightness. CCI is the
measure of the judgment standard.31,32 CCI value Ck can be
calculated byFig. 9 Edge detection wCk ¼ Sk þ rk ð24Þ
where Sk is the average value of saturation heft and rk stan-
dard deviation. The index is used to evaluate the haze removal
UAV reconnaissance image. CCI is related to image content
and is usually used to evaluate the rich degree of images under
the conditions of the same scenes, same objects and different
haze removal methods.
As is shown in Table 3, after dehazing, the values of both
CNI and CCI have significant improve.
In order to achieve comprehensive evaluation of haze
removal effect, the four criteria are normalized and added up
to obtain a comprehensive evaluation index. We use range
transformation to obtain the index:
yij ¼
xij  min
16i6m
xij
max
16i6m
xij  min
16i6m
xij
; 1 6 i 6 m; 1 6 j 6 n ð25Þ
where n is the number of decision indexes and m the number of
testing methods. The decision matrix is presented as
X ¼ ½xijmn. The polarization transform matrix is presented
as Y ¼ ½yijmn.ith different methods.
510 Y. Huang et al.The final evaluation results are shown in Table 4. UAV
reconnaissance images from the image set are experimented
on and the haze concentration are graded by the classification
method mentioned above. The curve graph shown in Fig. 10 is
the percentage increase of comprehensive evaluation index
after dehazing for 4 levels. It can be seen that the bigger haze
concentration of the origin image, the better haze removal
effect. The histogram in Fig. 11 shows a comparison of com-
prehensive evaluation index by different methods. The darker
blue parts are the average of comprehensive evaluation indexTable 4 Comprehensive evaluation index by different methods.
No. Origin
images
CLAHE2 Adaptive contrast
enhancement26
Multi-scale
Retinex
1 0.925964 1.942073 2.522145 2.777851
2 1.027980 2.176840 3.238785 2.676019
3 0.383413 1.178737 1.747733 2.695314
4 0.167677 0.629752 1.471429 2.313848
5 0.950671 1.994131 2.140568 2.485552
6 0.334491 1.081914 1.535737 2.212008
7 1.067878 2.024738 2.049004 2.299895
Fig. 10 Percentage increase of comprehensive evaluation index
after dehazing.
Fig. 11 Comparison of compby different methods, and the lighter blue parts are the per-
centage increase of comprehensive evaluation by different
methods. Compared with the origin image, the comprehensive
index of the image restored by our method increases by
282.84%, higher than the index by 221.97%, by dark channel
prior method. It can be obviously seen that our method is
superior to other methods.
6. Conclusions
Based on the analysis of atmospheric scattering model, a novel
layered scattering physical-based model is proposed in this
paper. Through experimental verification, we draw the follow-
ing conclusions:
(1) According to the imaging characteristics of UAV, the
origin atmospheric scattering model is improved and
the novel layered scattering model has strong applicabil-
ity for UAV reconnaissance images.
(2) The method can achieve good haze removal perfor-
mance. Compared with the origin image, the compre-
hensive index of the image restored by our method
increases by 282.84%, and is obviously superior to other
methods.Average
filtering27
Gaussian
filtering
Dark channel prior
algorithm16
Proposed
method
2.174584 2.382892 3.072488 2.943242
1.734272 2.471287 2.945165 3.197994
0.501466 1.071919 1.954165 2.742843
0.258022 1.001723 2.290313 2.466592
1.631999 1.971686 2.037183 2.597157
0.689544 0.875085 0.930819 2.225206
2.664760 2.066638 2.411550 2.425520
rehensive evaluation index.
Haze removal for UAV reconnaissance images using layered scattering model 511By analyzing and comparing the experimental data, it is
proved that the proposed method greatly increases clarity of
images and has potential in application and can be improved
for dehazing sequences of images in the future.
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